Abstract: Electrical properties of plastic products can be adjusted by adding a certain amount of carbon nanotubes (CNT) in the injection molding process. However, injection molding parameters should be arranged carefully due to their influence on electrical properties of CNT-reinforced plastic composites. In this study, polycarbonate/CNT nanocomposites, having three different CNT concentrations (1, 3 and 5 wt%), were produced and injection molded by using three different injection temperatures and speeds to investigate their influence on electrical resistivity. It was found that the electrical resistivity was influenced greatly by the injection temperature when 1 wt% amount of CNT was used in the nanocomposite. However, the effect of injection speed was negligible.
Introduction
Carbon nanotubes (CNT) were first identified by Iijima et al. in 1991 as multiwalled nanotubes (MWNT) [1] . Later, CNT was also formed as single-walled nanotubes. MWNT are more common in applications so it is also used in this study.
The physical properties of CNT are unique. Although their diameters are tens of thousands smaller than human hair, the tubes are stiffer than steel and their elastic modulus can reach 1 TPa [2, 3] . Their electric current carrying capacity, on the other hand, is 1000 times higher than copper wires [4] . Therefore, CNT can carry current densities as high as 10 9
∼10
10 A/cm 2 while withstanding high temperatures for long time periods [5] .
The advantages of the CNT-reinforced polymers (CNTRFP) are stiffness, lightness, low particle content, antistatic structure and low electrical resistivity [6] . CNTRFP can be used in numerous fields such as aerospace, automotive, electronics, and sport equipments. Their present and possible application areas are lightemitting devices; thinner and flatter structures (composite mirror); electrostatic dissipative materials for handling or packaging certain electronic devices; automotive exterior parts that are suitable for direct electrostatic painting without application of conductive lining; heat sink applications due to their thermal conductivity; equipments for clean room applications because of low particle content of CNTRFP; flexible electronic devices; fuel cell applications; production of abrasive resistance layers; biomedical applications, such as drug delivery; nanosensors inside a polymer for monitoring and quantifying deformation or detecting polymer transitions; light bulletproof vests; smart polymer coatings to protect components under extreme conditions, such as microsatellites [6] ; and electromagnetic interference shielding materials [7] .
In the literature, the nanotubes are used in various industrial polymers, such as polyamide (PA) [8] , polypropylene [9] , polycarbonate (PC) [10] , polyethylene [11] , ethylene-vinyl acetate [12] , polyvinyl alcohol [13] , polystyrene (PS) [14] , poly(methyl methacrylate) (PMMA) [15] , thermoplastic polyurethane [16] , epoxies [17] etc. to produce conductive polymer nanocomposites [2] .
There are other fillers, such as carbon black, carbon fiber etc., intended to reduce electrical resistivity of composites they are incorporated into. But CNT is the most efficient alternative among these fillers in terms of "filler concentration in composite vs. electrical resistivity". For example, the nanotubes reduced resistivity of neat PA6.6 from 10
15 Ωcm to 8.1 Ωcm at 7.4 wt% CNT content, while the carbon black reduced the resistivity from 10 15 Ωcm to 53.4 Ωcm at 7.5 wt% content according to the study of King et al. [7] .
Furthermore, metallic particles (steel, iron, aluminum, silver, copper etc.) may be used in polymer matrices to obtain electrically conductive composites. But these metallic reinforcements have some drawbacks in comparison with CNTRFP. First of all, the metallic particles have higher densities, so this fact eliminates production of lightweight conductive composites. Besides that, the metallic particles are more vulnerable to oxidation than the CNT [7] .
These benefits make nanotubes suitable materials to be used in composites where electrical conductivity, thermal conductivity and mechanical strength are targeted simultaneously. Therefore, the aim of this study is to investigate the electrical resistivity of CNT-reinforced polycarbonate composites. More specifically, the effects of injection molding parameters and carbon content on electrical resistivity of composites were investigated.
Materials and methods
In this study, a procedure from masterbatch dilution to injection molding process was adopted. Basically, a CNT/ PC masterbatch was diluted from 15 wt% CNT concentration to concentrations of 1, 3 and 5 wt%, and obtained filaments were pelletized and injection molded to produce test specimens. Neat PC test specimens were also produced for comparison. Afterwards, the produced composites were measured by using an electrical resistivity test device.
The CNT concentrations in PC/MWNT composite, namely, 1, 3 and 5 wt% of MWNT, were chosen for production, because small amounts of MWNT are enough to reach the electrical percolation threshold. Furthermore, higher CNT ratios increase the brittleness of specimens, which is an undesired case [18] .
Extrusion and injection molding parameters were determined considering general processing guidelines for PC polymer, recommendations of the masterbatch producer company and experiences during study. Details of the study will be given in the following sections.
Materials

Masterbatch
A Plasticyl PC1501 masterbatch (includes 15 wt% MWNT and PC matrix) was used to prepare nanocomposites. The origin of the masterbatch was NANOCYL s.a., Belgium. The masterbatch included Nanocyl TM NC7000 series MWNT. Table 1 shows the main characteristics of the masterbatch. (All information on the masterbatch was obtained from the official website of NANOCYL s.a.).
Neat polycarbonate
A standard injection grade neat PC polymer was used to dilute Plasticyl PC1501 masterbatch. The physical properties of PC are given in Table 2 .
Compounding
To obtain injection molding pellets, with CNT content of 1, 3 and 5 wt%, a "Coperion ZSK 26" corotating type twinscrew extruder was used. After extrusion, the strands were cooled in a cooling trough and they were dried by a compressed air-operated wipe unit at the trough exit. Then, the filaments were chopped into small parts by a pelletizer unit. For the compounding process, a PC masterbatch containing 15 wt% MWNT and neat PC pellets were used.
Afterwards, the container was closed with the appropriate amounts of masterbatch and neat PC and mixed mechanically for 5 min to improve dispersion of masterbatch granules in the PC pellets before extrusion.
The barrel of the extrusion machine was cleaned to prevent mixing with other polymer residues, and the processing parameters for the PC/MWNT compound were applied through the control unit on the machine (Table 3) .
Once the heat reached the setup temperatures, the mixture was poured into hopper of the extruder (Figure 1 ).
The pre-extrusion process was initiated, and thin composite strands started to flow through a shaping die.
The pre-extrusion process continued until the process reached a steady state. The strands produced during the pre-extrusion process were considered as scrap due to lower homogeneity. The fresh strands were passed through a water-filled trough, and they were fed into a pelletizer.
After the pelletizer unit, the pellets passed through a vibratory cooler and started to fill into a plastic container. At this stage, continuous production was initiated.
After completing production, the pellets were put into a durable double-layered plastic bag, and the opening of the bag was sealed thermally to prevent moisture or air contact.
Small samples of produced pellets are shown in Figure  2 . Figure 2 shows the 1, 3 and 5 wt% MWNT concentrations.
Injection molding
Nanocomposites for electrical resistivity measurements were produced by using injection whose technical properties are given in Table 4 .
Test specimens (85 × 85 × 3 mm) for electrical resistivity measurements were produced considering the IEC60093 standard. Before the injection process, the granules were dried in a dehumidifying oven for 4 h at 100°C. Also, the barrel of the injection machine was cleaned to prevent mixing of other polymer residuals with the PC/MWNT composite. The injection molding machine was operated using the parameters given in Table 5 .
The parameters were kept constant throughout the injection process. Three different injection temperatures and injection velocities were used for each CNT content (C1, C3 and C5). These parameters are given in Table 6 . When the injection machine reached a steady state, dried pellets were taken from the oven and put into the hopper of the machine. The initial fabricated composite samples were thrown away as scrap since they could have inhomogeneous structure due to the early stages of melting. Afterwards, the pre-injection process was initiated. A few shots were made until the process became stable. These trial shots were thrown away as scrap. Then, five electrical resistivity test specimens were produced. Neat PC specimens were also produced using the same injection parameters to compare the results.
Once the production was finished, all the specimens were kept at 20°C for 24 h before the resistivity tests.
Obtained microstructures are shown in scanning electron microscope (SEM) images. The images were taken at the fracture surface of the tensile test specimens. Apparently, the dispersion of nanotubes is fine, as seen in Figure 3 .
Electrical resistivity test
For the electrical resistivity test, the IEC60093 standard was used. According to the standard, volume and surface resistivity values are measured between two electrodes on a square specimen. The method is suitable for investigation of volume resistivity (Ωcm) and surface resistivity (Ω/square) of solid electrical insulating materials [19] .
The test device was a Fischer Elektronik Milli-TO3 ohmmeter, and it was capable of measuring resistance range from 1.8 × 10 -6 to 1.6 × 10 15 Ω. The current range of the device was from 0.1 pA to 1.1 mA.
Five specimens were used from each group (e.g., C3T2V1) for volumetric resistivity tests. The dimensions of the specimens were 85 × 85 × 3 mm. Also, the layout of electrodes on the specimen during the tests is shown in Figures 4 and 5 . Here, d3 is the outside diameter of electrode no. 1 (or outer electrode), 80 mm; d2 is the inner diameter of electrode no. 1, 60 mm; d1 is the diameter of electrode no. 2 (or inner electrode), 50 mm; g is the gap between outer and inner electrodes; d4 is the diameter of electrode no. 3, which is equal to d3; and h is the thickness of the specimen.
In fact, the thicknesses of specimens are < 3 mm due to shrinkage of the polymer during and after injection molding. The average thicknesses of injection-molded specimens are given in Table 7 .
Resistivity values were measured by a test device as specified in IEC60093 [19] . According to standards, two resistivity types can be measured: volume resistivity and surface resistivity. Although both resistivity types are measured on the same test device, the measurement units and electrode connections are different; thus, volume resistivity and surface resistivity usually have different values on the same specimen. The electrode connections are shown in Figures 6 and 7 .
Volume resistivity was calculated using the following formula [19] :
where ρ is the volume resistivity in Ωm (or Ωcm); R x is the measured volume resistance in Ω; A is the effective area of the guarded electrode in square meters (or in square centimeters); and h is the average thickness of the specimen in meters (or in centimeters). Figure 6 Volume resistivity electrode connections [19] . 
Figure 7
Surface resistivity electrode connections [19] .
The effective area for circular electrodes can be calculated through the formula below [19] :
Surface resistivity was calculated from the following formula [19] PC T1 V1  C1 T1 V1  C3 T1 V1  C5 T1 V1 1,E+17 . / ,
where σ is the surface resistivity in Ω; R x is the measured surface resistance in Ω; p is the effective perimeter in meters (or in centimeters); and g is the distance between the electrodes in meters (or in centimeters). The effective perimeter for circular electrodes is calculated using the formula below [19] :
3 Results and discussion Figure 8 clearly indicates that the resistivity of composites was significantly affected by nanotube content.
The resistivity values dropped from 10 14 Ωcm for neat PC specimens to 10 10 Ωcm for CNT-reinforced specimens (besides the C1 group). And the electrical percolation threshold was established between 1 wt% and 3 wt% of nanotube content in polymer matrix. The resistivity values were higher (as seen for neat PC and C1) until reaching this threshold, but they dropped significantly after reaching it (as seen for C3). After 3 wt% of nanotube ratio, the resistivity values exhibited slight variations (for C5). But the important point is that the C1 group specimens had higher resistivity values than that of unreinforced neat PC group specimens. Apparently, CNT addition into the composite did not improve conductivity up to 3 wt% of nanotube ratio. On the contrary, it increased resistivity. This could be due to electrons (generated by electrodes of the test device) that preferred conductive CNT chains in a specimen rather than going directly from cathode to anode through the cross section of the specimen during resistivity test as visualized in Figures 9 and 10 .
Electron
Electron transfer path Figure 9 Electron transfer through neat PC specimen during volume resistivity test.
In Figure 9 , there were no CNT in the specimen being measured; therefore, the electrons might have found relatively direct paths to reach the anode. But as seen in Figure 10 , the electrons might have preferred conductive CNT chains as a transfer path rather than going through the less conductive polymer molecules; therefore, only a few of the electrons might have been able to reach the anode of the test device. Also, the nanotubes might have behaved like a capacitor that holds the electrons. So this could be the reason for higher resistivity values of the C1 specimens compared with neat PC specimens whose SEM images are shown in Figures 11 and 12 . Another reason could be the difference between the material properties of neat PC and the PC in the masterbatch.
Besides that, relatively high injection temperature also improved the conductivity of the composite when CNT ratio was 3 wt%. The injection temperature had a marked effect on resistivity values of the C3 group specimens, while there was a slight effect on other group specimens (namely, C1, C5 and neat PC). When the injection temperature of the C3 group specimens increased from 280°C to 300°C, it was observed that resistivity values dropped from 10 14 to 10 10 Ωcm, respectively. The reason for this fact could be the reduced viscosity of molten polymers at higher temperatures. When the viscosity is high, conductive CNT bundles and networks might be forced to separate from each other due to high shear forces. Consequently, more nanotubes are needed to establish this network. But when the temperature is high, the shear forces will be lower [20] . Therefore, the conductive networks will not be as damaged as in the case of low temperatures. As a result of this, the electrical resistivity of the same nanocomposite may be reduced by only increasing the injection temperature. Considering the results given in Figure 8 , it could be inferred that this effect can only occur when the CNT ratio is near the percolation threshold. But after the percolation threshold, further increase of injection temperature and CNT ratio did not affect resistivity as much as expected. Also, the effect of injection velocity was very low. When T1 group specimens were evaluated (e.g., C3T1V1, C3T1V2, C3T1V3), there was a small but reasonable effect of increasing injection velocity on CNTRFP. Generally, the resistivity values exhibited small increase with injection speed, but the order of resistivity did not change (e.g., 10 14 or 10 10 Ωcm), as can be seen in Figure 8A . At high injection temperatures, the effect of injection velocity became irregular, although its amount is negligible. To evaluate the effect of injection velocity in detail, a new study needed to be performed with expanded range of velocity parameters (for example, 10-80 cm Additionally, the results were compared with other studies having similar injection parameter values, and it was seen that the resistivity response of nanocomposite was nearly the same when similar processing methods, CNT loadings and parameters were used. For example, Villmow et al. [21] , prepared composite specimens by diluting PC/MWNT masterbatch having MWNT content of 15 wt% by a twin screw extruder down to 2 wt% and 5 wt%, respectively. In their study, two experiment series were applied with different process parameters to evaluate the influences of holding pressure, injection velocity, Table 8 Comparison of injection molding parameters with Pötschke's study [21] . Table 9 Comparison of electrical test results with Pötschke's study [21] . mold temperature and melt temperature on the electrical surface and volume resistivity. The parameters and corresponding results were compared with this study in Tables  8 and 9 , where C1, C2, C3 and C5 denote MWNT contents of 1 wt%, 2 wt%, 3 wt% and 5 wt% in the PC matrix, respectively. In Table 6 , T2 and V2 were accepted as comparison parameters in the present study. From Table 9 , it is obvious that the electrical resistivity results were similar for PC/MWNT specimens having MWNT content of 5 wt%.
Property
CNT ratio in PC
In another study, electrical resistivity tests were conducted on injected molded specimens having MWNT content of 2 wt% and 5 wt%, respectively [22] . After preparing composite granules by diluting PC/MWNT masterbatch which had 15 wt% MWNT content by using a twin screw extruder down to 2 wt% and 5 wt%, they produced test specimens by injection molding and conducted electrical tests [22] . It was observed that resistivity values of neat PC in Rios's study were well matched with the present study, but there was a difference between volume resistivity results of specimens having 5 wt% MWNT, as seen in Tables 10 and 11. For comparison, injection temperature (300°C) and injection rate (35 cm Table 10 Comparison of injection molding parameters with Rios's study [22] . 
Property
Conclusion
In this study, a CNT/PC masterbatch was diluted from 15 wt% CNT concentration to concentrations of 1, 3 and 5 wt%, and test specimens were produced by pelletizing the filaments using an injection molding machine. The resistivity of composites were compared with those of neat PC specimens. According to the results, the following can be concluded: -Increasing CNT content in PC matrix improves conductivity of the PC/MWNT nanocomposite. -Volume resistivity tends to decrease when the injection temperature is increased. -The effect of injection velocity on resistivity was negligible.
The resistivity values dropped from 10 14 Ωcm for neat PC specimens to 10 10 Ωcm for CNT-reinforced specimens (besides the C1 group). The electrical percolation threshold was established between 1 wt% and 3 wt% of nanotube content in the polymer matrix.
When the CNT ratio was 1 wt% in the PC matrix, it was observed that the resistivity values were higher than that of the same polymer in the masterbatch. This was probably due to the electrons that might have preferred conductive CNT chains as a transfer path, rather than going through less conductive polymer molecules; therefore, only a few of the electrons might have been able to reach the anode of the resistivity test device. So this could be the reason for the higher resistivity values of the C1 specimens compared with those of the neat PC specimens.
The other significant result of this study is the electrical resistivity of the C3 group specimens that was reduced from 10 14 to 10 10 by increasing the injection temperature from 280°C to 300°C, respectively. This effect can only occur when the nanotube content was near to the percolation threshold in the PC matrix. To understand the mechanism, further studies should be made on the effect of heat (either injection temperature or heating-annealing after production) on the resistivity of the nanocomposite. Therefore, CNTRFP having nanotube content near percolation threshold could be produced and used for heattriggered applications or heat sensors. But of course the precision and repeatability should be investigated.
Moreover, the preliminary study indicated that the resistivity of the nanocomposite was sensitive to heat application. When specimens were heated above their glass transition temperature (T g ), their resistivity dropped significantly. This effect should be investigated in detail to explore the mechanism.
Besides that, the effect of injection velocity on the resistivity was very small or negligible.
